experiments, T2K and MINOS, and by the Double Chooz reactor disappearance experiment in 2011 [12] . Global analyses of all available neutrino oscillation data have indicated central values of sin 2 (2θ 13 ) that are between 0.05 and 0.1. In 2012, Daya Bay and RENO reported definitive measurements of the mixing angle θ 13 based on the disappearance of reactor electron antineutrinos [6, 8] . A combined result of the θ 13 measurements was reported by the Particle Data Group as sin 2 (2θ 13 ) = 0.098 ± 0.013 in ref. [13] . Improved measurements of θ 13 were made and reported. Measured values of θ 13 by the second generation reactor experiments are summarized in Fig. 1 . Figure 1 : Summary of θ 13 measurements by the reactor neutrino experiments of RENO, Daya Bay and Doube-Chooz. Since their first measurements the errors of θ 13 value have been significantly reduced by more statistics and improved systematic uncertainties. Note that references to various measurements are given by e-print serial numbers of hep-ex at arXiv.org or by conference names in the bracket.
Overview of current reactor neutrino experiments

Principle of θ 13 measurement
Reactor experiments with a baseline distance of ∼1 km can neglect the disappearance of electron antineutrinos driven by θ 12 and ∆m 2 21 , and thus unambiguously determine the mixing angle θ 13 and the squared mass difference ∆m 2 ee based on the survival probability of electron antineutrinos,
where E is the energy of ν e in MeV, L is the baseline distance in meters between the reactor and detector, and ∆m 2 ee is equal to cos 2 θ 12 ∆m 2 31 + sin 2 θ 12 ∆m 2 32 .
Detection method for reactor antineutrinos
A typical commercial pressurized-water nuclear reactor generates ∼3 GW th of thermal power. A reactor produces ∼ 2 × 10 20 antineutrinos per GW and per second, mainly coming from the beta decays of fission products of 235 U, 238 U, 239 Pu, and 241 Pu. The reactor antineutrino is detected via the inverse beta decay (IBD) reaction, ν e + p → e + + n.
Reactor neutrino detectors based on hydrocarbon liquid scintillator (LS) provide free protons as a target. The coincidence of a prompt positron signal and a delayed signal from neutron capture by Gadolinium (Gd) provides the distinctive IBD signature. The three reactor experiments have similar detector designs. The inner most acrylic vessel holds 0.1% Gd-doped LS as a neutrino target.
Experimental arrangements
The RENO experiment runs a near detector and a far detector at the Hanbit (previously known as Yonggwang) nuclear power plant consisting of six well-aligned and equal-distant reactors, in South Korea. The Daya Bay experiment has two near detectors at two different locations and a far detector, at the Daya Bay nuclear power plant consisting of six reactors, in the southern part of China. The Double Chooz experiment had a far detector only before December 2014, and recently added a near detector, at the Chooz nuclear power plant consisting of two reactors, in France. Three reactor experiments have similar experimental arrangements, but slightly different features in reactor thermal output, detector target mass and overburden, and baselines of near and far detectors. Comparison of their interesting parameters is given in Table 1 . The first generation reactor experiments of Chooz and Paolo Verde could not continue datataking longer than a half year because of unexpected problems with Gd-doped LS [10, 11] .
Paolo Verde had problems with precipitation, condensation, and slow deterioration of Gddoped LS developing in time. In Chooz experiment, Gd-doped LS turned yellow a few months after deployment. A rapid decay of attenuation length of Gd-doped LS had been observed. It is crucial for an reactor experiment to keep LS chemically stable for several years of experimental duration. The second generation reactor experiments were successful to develop Gd compounds, and have not suffered yet from the troubles that Chooz and Paolo Verde experienced.
Figure 2:
Comparison of observed and expected IBD prompt energy spectra at RENO. A shape difference is clearly seen at 5 MeV. The observed excess is correlated with the reactor power, and corresponds to 2.2% of the total observed reactor neutrino flux.
RENO was the first reactor experiment to take data with both near and far detectors in operation from August 2011. The RENO collaboration reported a definitive measurement of θ 13 based on 220 live days of data taken through March 2012 as sin 2 (2θ 13 ) = 0.113 ± 0.013(stat.) ± 0.019(syst.) in April 2012 [8] . An improved measurement of θ 13 was reported based on ∼400 live days of data through October 2012 as sin 2 (2θ 13 ) = 0.100 ± 0.010(stat.) ± 0.012(syst.) at 2013 TAUP conference [14] . A more precise measurement was reported as sin 2 (2θ 13 ) = 0.090±0.008(stat.)±0.008(syst.), based on 800 live days of data through December 2013 [15] . The improvement came from better understanding of the detector energy scale, more accurate estimation of a cosmic ray induced background uncertainty, and more data. RENO also presented θ 13 measurements by identifying a delayed signal of neutron capture on Hydrogen: sin 2 (2θ 13 ) = 0.095 ± 0.015(stat.) ± 0.025(syst.) [16] , and sin 2 (2θ 13 ) = 0.103 ± 0.014(stat.) ± 0.014(syst.) [17] later. The experiment has observed an excess of IBD prompt spectra in the region centered at 5 MeV with respect to the most commonly used models [18, 19] , as shown in Fig. 2 . The excess is found to be consistent with coming from reactors since it is clearly correlated to the reactor thermal powers. The RENO collaboration has been performing an analysis of energy-dependent neutrino oscillation effects and an effort of reducing the background uncertainty. Figure 3 shows comparison of the observed prompt energy spectrum in the far detector with the one predicted for no oscillation that was obtained from the measured spectrum at the near site. The spectrum measured with the far detector shows energy-dependent suppression with respect to the no-oscillation prediction, a pattern consistent with neutrino oscillation. The spectral information combined with the rate-only result is expected to provide a more precise measurement of the θ 13 value and to determine the oscillation frequency dictated by ∆m 2 ee . Daya Bay began data-taking with a part of near detectors from August 2012, and with 75% near and far detectors in operation from late December 2011. The Daya Bay collaboration reported a measured value of θ 13 as sin 2 (2θ 13 ) = 0.092 ± 0.016(stat.) ± 0.005(syst.) in March 2012 [6] . Data-taking was temporarily stopped in August 2012 to complete the rest of detector construction, and resumed in October 2012. An −0.11 × 10 −3 eV 2 based on 621 live days of data [22] . Double Chooz has been taking data with a far detector only since April 2011, and reported an evidence for non-zero value of θ 13 as sin 2 (2θ 13 ) = 0.085±0.029(stat.)±0.042(syst.) in November 2011 [12] , and as sin 2 (2θ 13 ) = 0.086±0.041(stat.)±0.030(syst.) in March 2012 [7] . An updated result of sin 2 (2θ 13 ) = 0.109 ± 0.030(stat.) ± 0.025(syst.) was reported based on an improved analysis combining rate and energy-shape information with 228 live days of data [23] . The collaboration reported a θ 13 measurement by identifying a delayed signal of neutron capture on Hydrogen: sin 2 (2θ 13 ) = 0.097±0.034(stat.)±0.034(syst.) [24] . Based on 468 live days of data, an improved measurement was made to obtain sin 2 (2θ 13 ) = 0.09±0.03 [24] . A near detector is complete, and is operational for data-taking from late December 2014.
4 Prospects of precise measurements on θ 13 and |∆m 2 ee | Precision measurements of the mixing parameters are expected from reactor experiments in operation or in proposal. The current reactor experiments have unambiguously determined the values of θ 13 and ∆m 2 ee through the observation of electron antineutrino disappearance at baselines of 1−2 km. The running reactor experiments are expected to reach a precision of (1) about 10% at Double Chooz, 5% at RENO, and 3−4% at Daya Bay in sin 2 2θ 13 , and of (2) ∼ 1 × 10 −4 eV 2 at RENO, and ∼ 7 × 10 −5 eV 2 at Daya Bay in ∆m 2 ee , eventually, in ∼2017. Table 2 summarizes recent results on θ 13 and |∆m 2 ee | from the three reactor experiments and their expected precisions. 
Future prospects of reactor experiments
Three running reactor experiments have definitively measured the value of θ 13 by the disappearance of electron antineutrinos. Based on unprecedentedly copious data, Daya Bay and RENO have performed rather precise measurements of the value. The exciting result opens the possibility of search for CP violation in the leptonic sector. The successful measurement of θ 13 has made the very first step on the long journey to the complete understanding of the fundamental nature and implications of neutrino masses and mixing parameters.
The surprisingly large value of θ 13 will strongly promote the next round of neutrino experiments to find CP violation effects and determine the neutrino mass hierarchy. A medium-baseline reactor experiment with a large liquid-scintillator detector and a baseline of around 50 km, such as JUNO and RENO-50, would see the manifestation of mass hierarchy in the subdominant oscillation pattern if the extraordinary energy resolution of about 3% at 1 MeV is achieved. JUNO is fully approved to start civil construction in January 2015, and expects data-taking in 2020. RENO-50 has obtained R&D funding and will make efforts on a construction fund aiming for data-taking in 2020. The neutrino mass hierarchy is expected to be determined with 3−4 σ significance, by 6 years of JUNO data, and by 10 years of RENO-50 data.
For the solar ∆m 2 21 , the current uncertainties are determined by KamLAND. The future reactor experiments of JUNO and RENO-50 can provide remarkably precise measured values of θ 12 , ∆m 2 21 and ∆m 2 ee with a precision better than 1%, before year 2025. Combined with results from other experiments for θ 23 and θ 13 , the unitarity of the neutrino mixing matrix can be tested up to 1% level, much better than that in the quark sector for the CKM matrix. This effort will be valuable to explore the physics beyond the Standard Model.
The high precision measurements of θ 12 , ∆m 2 21 , and |∆m 2 ee | can make a strong impact on explaining the pattern of neutrino mixing and its origin. It will also provide useful information on the effort of finding a flavor symmetry.
